Objective-The relationship between Chlamydia pneumoniae (Cpn) infection and arterial measures of preclinical atherosclerosis has remained controversial. Because atherogenesis begins in early life, we examined whether carotid and aortic intima-media thickness (IMT) and brachial artery endothelial function are associated with Cpn seropositivity in children. Methods and Results-Cpn-specific IgG and IgA antibodies were assessed by enzyme immunoassay in 199 healthy children followed-up annually from 7 to 11 years of age. Carotid (cIMT) and aortic IMT (aIMT), and brachial artery flow-mediated dilatation (FMD) were measured in 137 of the 199 children at the age of 11 years using high-resolution ultrasound. 
arly morphological signs of atherosclerosis in the coronary artery intimal layer have been observed already in infants. 1 These postmortem intimal changes have been related, in addition to conventional atherosclerotic risk factors, 2 also to the presence of systemic infection. 1 Recently, increasing evidence has linked inflammation and infection to atherosclerosis and myocardial infarction, and atherosclerosis is generally considered an inflammatory disease.
Research into the infectious hypothesis in the pathogenesis of atherosclerosis has focused, in particular, on Chlamydia pneumoniae (Cpn), an obligate intracellular human pathogen responsible for a significant portion of atypical pneumonia. The evidence of Cpn as a causative agent in the development of atherosclerosis is based on seroepidemiological studies, 3 and detection of viable Cpn from the atheromas of coronary, carotid and femoral arteries, and of abdominal aortic aneurysms. 4, 5 However, in the available studies in adults, the relation of Cpn infection to endothelial dysfunction and increased intima-media thickness of the common carotid artery (cIMT), 2 measures of subclinical atherosclerosis, has not been conclusively demonstrated.
High-resolution ultrasound is a reliable noninvasive method for detecting early functional and structural atherosclerotic changes in the arterial wall. Flow-mediated dilatation (FMD) of the brachial artery is a marker of endothelial function. 6 The carotid artery has been the target in the assessment of early structural vascular changes because it is located superficially on the neck and is thus easily visualized by ultrasound. However, autopsy studies have shown that the earliest morphological alterations in the arterial wall emerge in the abdominal aorta. 7 Therefore, intima-media thickness of the abdominal aorta (aIMT) may provide an even better index of preclinical atherosclerosis than cIMT. Consistent with this idea, we have recently shown that children with increased risk factor load are more efficiently identified by measuring aIMT than cIMT, which shows more overlapping with healthy controls. 8 Numerous cardiovascular risk factors have been related to early functional and structural vascular wall changes already in the first decade of life. 9 -13 In addition, impaired FMD and increased cIMT have been demonstrated in HIV-infected children, 14 and in children with elevated C-reactive protein (CRP) concentrations. 15 Currently, there are no data on the association between exposure to Cpn and markers of subclinical atherosclerosis in childhood. Therefore, we assessed whether the thickness of aortic and carotid intima-media complex, and brachial artery reactivity are related to Cpn seropositivity in otherwise healthy children.
Methods
For a more detailed description, please see online data supplement, available at http://atvb.ahajournals.org.
Study Design and Subjects
The design and protocol of the ongoing STRIP study (Special Turku Coronary Risk Factor Intervention Project for Children) have been published. 16 Briefly, 1054 voluntary families with 1062 healthy 6-month-old infants were recruited in 1990 through 1992, and randomized to an intervention group (nϭ540) to receive detailed individualized dietary and lifestyle counseling aiming at minimizing intervention children's exposure to known environmental atherosclerosis risk factors, or to a control group (nϭ522). The study protocol was approved by the local ethics committee. Informed consent was obtained from all parents.
As part of the STRIP trial, venous blood samples were drawn annually after an overnight fast. The samples were kept at Ϫ70°C until analyzed. Cpn antibodies were measured between the ages of 7 and 11 years in a random time-restricted subsample of 199 consecutive STRIP children (55% boys, nϭ110), born in 1989 to 1990. An equal proportion of the children belonged to the STRIP intervention (nϭ99) and control groups (nϭ100). The children showed no apparent respiratory symptoms at the time of the blood sampling. Of the 199 children with Cpn antibody measurements, 137 (69%) volunteered to participate in the ultrasound study at the age of 11 years. The main reasons for nonparticipation were child's unwillingness to participate, lack of time, and fear of study. aIMT measurements were available in 128, cIMT measurements in 135, and brachial artery measurements in 130 children. All ultrasound studies were performed in the morning after the children had fasted overnight.
Chlamydia pneumoniae Antibodies
Cpn-specific IgG and IgA antibodies were determined at the ages of 7, 8, 9, 10, and 11 years by a commercial enzyme immunoassay (EIA) technique (IgG-EIA and IgA-EIA; Ani Labsystems, Helsinki, Finland) as described. 17 Seropositivity was defined by the manufacturer and expressed as enzyme immunounits (EIU) using an IgG value of Ͼ45 EIU and an IgA value of Ͼ12 EIU as cutoff points. IgG values Ͼ130 EIU and IgA values Ͼ50 EIU were considered to be high.
Ultrasound Measurements
The abdominal aorta, both carotid arteries, and the left brachial artery (at rest, during reactive hyperemia, and after administration of sublingual nitroglycerin) were scanned according to a predetermined, standardized scanning protocol using an Acuson Sequoia 512 high-resolution ultrasound mainframe (Acuson, Mountain View, Calif) with a 13-MHz linear array transducer. 8, 13 All the ultrasound scans were performed when the children were 11 years old by the same experienced vascular sonographer unaware of the clinical and laboratory characteristics of the children. Subsequent off-line analysis of the scans was performed by the same blinded reader.
Statistical Methods
To study the effect of Cpn antibody positivity on the ultrasound measures, children were divided into predetermined three groups. First, children having IgG and IgA antibody values continuously below the cutoffs between the ages of 7 and 11 years served as controls (seronegative). The second group consisted of children with Cpn IgG and IgA antibodies, yet without persistent seropositivity for either antibody class over the follow-up (transient). Third, we considered children to be persistently Cpn-seropositive if serum samples were positive for IgG or IgA, or for both antibody measurements in at least the last three age points during the follow-up (9, 10, and 11 years) (persistent).
We assessed relationships between the aforementioned 3 groups and background variables (collected at the age of 11 years, ie, at the same age as the ultrasound measurements) using regression analysis (continuous variables), or Cochran-Armitage test for trend (categorical variables). Variables with a skewed distribution were logtransformed for the analyses. Univariate regression analysis was used to study associations between established risk factors and ultrasound measures.
The relations between the arterial measures and Cpn antibody positivity were studied using univariate and multivariate regression analyses. Variables showing unequal class level trends or significant linear trends with increasing exposure to Cpn, and those established determinants of IMT and FMD that had an independent effect in the univariate model (PՅ0.10) were controlled for using multivariate regression analysis. General linear models were used to assess the potential interaction, and thereby confounding effect, of gender with Cpn seropositivity groups in cIMT, aIMT, and FMD. A 2-sample t test was used to determine differences in the ultrasound variables between the children with different antibody concentrations, and between the children with different serum high-sensitivity CRP (hs-CRP) concentrations. Results are expressed as mean (SD), unless stated otherwise. PϽ0.05 was considered statistically significant. The SAS release 9.1.3 program package (SAS Institute, Cary, NC) was used in statistical analyses.
Results
The prevalences of Cpn antibody positivity of the 199 study children at the ages of 7, 8, 9, 10, and 11 years have been published elsewhere. 18 In this cohort of 199 children, the characteristics of those belonging to the 3 Cpn seropositivity groups (nϭ135) are shown in Table 1 . Interestingly, the proportion of pubertal children was higher in the groups with Cpn antibodies than in the seronegative group (seronegative, 51%; transient, 61%; persistent, 76%; Pϭ0.01), whereas the family history of premature cardiovascular disease was more often positive in seronegative than in seropositive subjects (seronegative, 21%; transient, 9%; persistent, 6%; Pϭ0.03). There were no significant differences across the three Cpn seropositivity groups regarding gender, proportion of STRIP intervention children, body size measures, blood pressure, serum lipids, hs-CRP concentration, aortic or carotid luminal diameter, brachial artery diameter at rest, increase in blood flow during reactive hyperemia, or parental smoking rates.
The numbers of the children with ultrasound data in the three Cpn seropositivity groups were as follows: aIMT: seronegative, 59, transient, 15, and persistent, 22; cIMT: seronegative, 63, transient, 15, and persistent, 23; FMD: seronegative, 58, transient, 14, and persistent, 24. Seronegative children with incomplete data during the follow-up were excluded, and the transient group consisted of children with both IgG and IgA antibodies, to exclude children with either a borderline positive IgG or IgA result at only one age point. Thus, Ϸ75% of the children with ultrasound data belonged to the aforementioned 3 groups and were included in the following analyses (for details, see the paragraph Relation of Cpn seropositivity to aIMT, cIMT, and FMD). Because gender produced no confounding effects on the association between Cpn seropositivity and ultrasound measures (mean aIMT, Pϭ0.35 for interaction; maximum aIMT, Pϭ0.17 for interaction; mean cIMT, Pϭ0.23 for interaction; maximum cIMT [the mean of left and right maximum IMT], Pϭ0.18 for interaction; and peak FMD, Pϭ0.24 for interaction), both sexes were analyzed combined. (Figure) . The relationships were essentially similar when maximum IMTs were used in the models instead of mean values (maximum aIMT: Pϭ0.045 for trend; maximum cIMT: Pϭ0.49 for trend).
Relation of Cpn Seropositivity to aIMT, cIMT, and FMD
The maximal endothelium-dependent (flow-mediated) dilatation did not differ significantly across the three Cpn In the children excluded from the analyses, mean aIMT, mean cIMT, and peak FMD were 0.49 (0.07) mm, 0.44 (0.04) mm, and 7.78 (3.41)%, respectively, corresponding closely to the values of the children in the seronegative group.
To evaluate the relation between Cpn and IMT more closely, we investigated whether the concentration, in addition to the persistence, of antibodies is related to IMT. Values are mean (SD), unless otherwise indicated. *P value after logarithmic transformation. †SeronegativeϭIgGՅ45 and IgAՅ12 enzyme immunounits throughout the follow-up (7-11 years). ‡TransientϭIgG and IgA seropositivity without persistence between ages 7 and 11 years. §PersistentϭIgG and/or IgA seropositivity at least at 9, 10, and 11 years of age. ¶Testicle size or breast development, and/or pubic hair Ͼ1 in Tanner stage. ʈMyocardial infarction in mother/grandmother before age 65 y and/or in father/grandfather before age 55 y. Numbers of children vary between various variables because of missing data. LDL indicates low-density lipoprotein; HDL, high-density lipoprotein. 
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Univariate Determinants of aIMT, cIMT, and FMD
In the whole study group (aIMT, nϭ96; cIMT, nϭ101; and FMD, nϭ96), mean aIMT showed no significant univariate associations with the established risk factors, whereas mean cIMT was associated with systolic blood pressure (Pϭ0.04) ( 
Discussion
This study shows that otherwise healthy children with persistent Cpn seropositivity, as assessed using the EIA technique, have significantly increased IMT of the distal abdominal aorta compared with children without persistently elevated Cpn antibodies. Our data thus suggest that Cpn infection may play a role in the development of early atherosclerosis.
Aortic (black circles) and carotid (black squares) intima-media thickness in healthy children according to Cpn antibody status (probability values for trend from regression analysis): seronegative, IgGՅ45 and IgAՅ12 enzyme immunounits between ages 7 and 11 years; transient, IgG and IgA seropositivity without persistence between ages 7 and 11 years; and persistent, IgG and/or IgA seropositivity at least at ages 9, 10, and 11 years. Values are crude meanϮSEM. In the present study, no increases were observed in the carotid artery wall-thickness in connection with Cpn seropositivity. This finding may be in line with previous postmortem data showing that atherosclerosis first affects the abdominal aorta. 7 Thus, the preferential association between Cpn seropositivity and aIMT may not be a peculiarity of the aorta but reflect the higher variability of aIMT, corresponding to an earlier manifestation of atherosclerosis at this site.
Several previous studies in adults have associated Cpn IgG seropositivity with increased cIMT in study populations with more pronounced atherosclerosis, 19 -22 whereas no such association has been found in younger asymptomatic subjects without known cardiovascular disease or significant carotid lesions. [23] [24] [25] These observations indicate that Cpn may accelerate atherogenesis in individuals with preexisting intimal injury rather than trigger early stages of disease progression. Consistent with this idea, Cpn is able to grow in various vascular cells present in atherosclerotic plaques, 26 and viable Cpn has been found in atherosclerotic lesions but not in healthy vessel walls. 5 However, our findings suggest that, at least in the most lesion-prone site of the arterial tree, ie, the abdominal aorta, Cpn might also contribute to the development of atherosclerotic vascular changes. Because of the relatively small number of children in the subgroups, however, these results should be considered preliminary and interpreted with some caution.
The increased aIMT in our study children with persistently elevated Cpn antibodies probably reflects increased fatty streak formation, as fatty streaks may be prevalent in the aortas of children as young as 3 years of age, 27 whereas advanced lesions, arising from fatty streaks, are mainly found after the age 20. 7 Fatty streaks in the proximal half of the abdominal aorta rarely are converted to raised lesions, whereas those on the dorsal surface of the distal abdominal aorta, corresponding the site scanned in the present study, are susceptible to progression in the presence of established risk factors. 7 Of interest, Cpn has been previously found in aortic fatty streaks of young adults. 28 Furthermore, strengthening the probability of causality, inoculation of rabbits with Cpn alone, as well as in combination with cholesterolsupplemented diet has resulted in aortic intimal thickening. 29, 30 Animal studies have suggested that acute Cpn infection might impair arterial vasodilatory function. 31 Moreover, acute childhood infections, defined by clinical symptoms, have been recently associated with transient and recoverable functional, 32 followed by later structural arterial wall abnormalities. 33 In the present study, Cpn seropositivity was not associated with decreased brachial artery endothelial function. Thus, our findings complement the observations of earlier studies by demonstrating that persistent Cpn seropositivity in healthy children may predispose to structural atherosclerotic changes but is not associated with permanent endothelial dysfunction. The lack of relationship between Cpn seropositivity and endothelial function in healthy population has also been confirmed by two previous studies in young men without risk factors for coronary artery disease. 34, 35 In this pediatric study, other known causes of vascular damage presumably did not affect the findings, as the groups predominantly did not differ in terms of traditional atherosclerotic risk factors. Some lifestyle factors such as smoking, which selectively augments atherosclerosis in the abdominal aorta, 7 could not have confounded the results. Another strength of this study is its prospective design in defining exposure to Cpn.
We also acknowledge a number of limitations to the present study. Fatty streaks in the aortas of children are usually found in the most distal part of the abdominal aorta and downstream of the arterial branches. Accordingly, there may be considerable local variation in the distribution of atherosclerotic lesions. The ultrasound method has limitations, because it allows measurement of wall thickness only in the dorsal arterial wall of the most distal abdominal aorta. The relatively small number of children included in the subgroups might have influenced the possibility to establish significant differences in cIMT and FMD between the groups. With the number of subjects enrolled, this study had Ͼ80% power to detect a 2.4% unit difference in FMD and 0.035 mm difference in cIMT between seronegative and persistently seropositive children at the PϽ0.05 level. Therefore, our study excludes a major effect of Cpn on cIMT and brachial artery FMD, although the study may have been underpowered to detect more subtle effects on carotid artery structure and brachial artery function. Furthermore, the present study examined the relationships between Cpn and arterial properties in a cross-sectional fashion. A longitudinal study, enabling the perception of potential vascular changes and the investigation of their association with Cpn seropositivity, would be a more ideal approach.
Assessment of a chronicity of an infection remains an unresolved issue. IgG antibodies to Cpn are generally thought to mark previous exposure to the pathogen, 36 whereas persistent presence of IgA antibodies, with IgA antibodies having a half-life of approximately only a week, presumably reflects chronicity. 37 It has been suggested that the combination of Cpn antibodies and an inflammatory marker, especially CRP, an emerging risk factor for cardiovascular disease, 38 could also be a reliable marker of chronicity. Although the definite stimulus for CRP is unknown, higher CRP values might arise from the chronic inflammatory state evident in persistent infections. 38 Chlamydial lipopolysaccharide, a typical constituent of the cell wall of all Gram-negative bacteria, is a potent inducer of cytokine production. By promoting production of cytokines and further acute-phase reactants such as CRP, Cpn could provoke induction of a chronic immune activation from afar. Alternatively, Cpn might induce persistent inflammation by its presence in the cells of the vascular wall, after being carried into the circulation inside monocytes. 26, 39 The induction of systemic inflammation could indeed be one of the pathophysiological mechanisms underlying the association between chronic infection and atherogenesis. 40 In line with this, in adults, the risk of coronary events in connection with persistent Cpn infection has increased considerably in the presence of an elevated CRP concentration, 41 and a combination of Cpn antibodies and elevated CRP values has resulted in more pronounced cIMT progression than Cpn seropositivity alone. 20 In this study, however, there was no significant trend in CRP values across the three Cpn groups, and within the persistent group, IMTs were not associated with, in general very low, hs-CRP concentrations. Likewise, in a recent study in adults, in which circulating Cpn DNA was associated with asymptomatic carotid atherosclerosis, hs-CRP concentrations did not differ significantly between subjects positive for Cpn and those negative for Cpn. 42 Therefore, mechanisms other than the induction of systemic inflammation probably also contribute to the association between Cpn and IMT. Given the fact that Cpn has been detected in aortic fatty streaks in humans 28 and in the media of the aorta in a rabbit model, 43 possible pathogenetic mechanisms may include the ability of chlamydial lipopolysaccharide to induce human macrophage foam cell formation, 44 which is a key event in early atheroma development.
In conclusion, our data suggest that Cpn infection may affect the arteries of otherwise healthy children by promoting IMT of the abdominal aorta, and thereby have an important role in the pathogenesis of early atherosclerosis. Whether the observed increases in aIMTs gradually convert into more advanced lesions with continuous exposure to Cpn remains to be resolved.
